Pyruvate kinase (PK) has four isozymes (L, R, M,, M2) that are encoded by two different genes. Among these isozymes, abnormalities of liver (L)-type PK is considered to be associated with hereditary nonspherocytic hemolytic anemia in humans. We isolated and determined the full-length sequence of human L-type PK cDNA. The cDNA contains 1629 base pairs encoding 543 amino acids, 68 base pairs of 5'noncoding sequence, and 734 base pairs of 3'-noncoding sequence. The similarity between human and rat L-type PK was 86.9% at the nucleotide sequence level and 92.4% at the amino acid sequence level. The full-length L-type PK cDNA was placed under the promoter of simian virus 40 and introduced into monkey COS cells. Human L-type PK activity was detected in the extract of COS cells by the classical PK electrophoresis method. Pyruvate kinase (PK; ATP:pyruvate 02-phosphotransferase, EC 2.7.1.40) is an important enzyme for ATP production in glycolysis. PK has a tetrameric structure composed ofidentical subunits, and there are four isozymes (L, R, M1, and M2) in
mammalian tissues (1, 2) . The L-and R-type PKs differ from M1and M2-type PKs by their enzyme kinetic, electrophoretic, and immunological properties, and they are under the control of different genes (3, 4) . Differential splicing was considered to be involved in the production of L-and R-type PK, and M1and M2-type PK, respectively, from L and M genes (5) (6) (7) (8) .
Several investigators have isolated PK cDNA and the chromosomal genes from nonhuman species-namely, yeast PK; chicken M1-type PK; and rat M1-, M2-, L-, and R-type PK (5, 6, (8) (9) (10) (11) (12) (13) (14) . In humans, abnormalities of the L (or R)-type PK are considered to be pathogenic for hereditary hemolytic anemia due to erythrocyte PK deficiency. For the purpose of clarifying the PK deficiency at the gene level, we have recently isolated the partial sequence of human L-type PK cDNA and assigned the human L-type PK gene on chromosome 1 (15) .
In this report, we present the full-length nucleotide sequence of cDNA for human L-type PK and the complete amino acid sequence deduced from the nucleotide sequence. 11 The expression of the cDNA in monkey COS cells (16) gave rise to a protein that has the authentic human L-type PK activity.
MATERIALS AND METHODS Materials. Restriction enzymes and other enzymes and reagents used for cDNA cloning and DNA sequencing were purchased from Takara Shuzo, Amersham, and Bethesda Research Laboratories. Enzymes used for assay of PK activity were purchased from Boehringer Mannheim or Sigma.
[a-32P]dCTP was from Amersham. All other reagents were of analytical grade. Normal human liver was obtained from autopsy and normal human erythrocytes were obtained from healthy Japanese males after informed consent was obtained.
Cloning and Nucleotide Sequences of Human L-Type PK cDNA. The human liver cDNA library constructed with Agtll using random primer was kindly provided by Yosuke Ebina (Kumamoto University, Japan). The cDNA library was screened by plaque hybridization (17) . The partial cDNA (hlPK-1) (15) for human L-type PK or full-length rat L-type PK cDNA (pLPK-1), kindly provided by Tamio Noguchi (Osaka University, Japan) (11), were labeled with [a-32P]dCTP by the multiprime DNA-labeling system (Amersham) and used as screening probes. EcoRI fragments of positive phage clones were subcloned into pUC18 plasmid for further analysis. The nucleotide sequence was determined by the dideoxy chain-termination method using the M13 phage cloning and sequencing system as described (15) .
Transfection of COS Cells. Full-length human L-type PK cDNA plasmid (hlPK-F) was constructed from three overlapping recombinant cDNAs of hlPK-E, -A, and -1 ( Fig. 1 ). Briefly, hlPK-E and hlPK-A were ligated at the unique Pst I site and then the resultant plasmid was ligated with hlPK-1 at the Kpn I site. The 5' noncoding region was deleted from upstream with BAL-31, and the 5' noncoding region of hlPK-F is shorter by 40 base pairs (bp) than that of hlPK-E. The Xba I/EcoRI fragment of hlPK-F was treated with Klenow fragment, ligated with Bgl II linkers, and inserted into the BamHI site of pKCR plasmid (19) . The orientation of the cDNA was determined by restriction enzyme analysis, and two kinds of recombinant plasmids, one containing the cDNA in the right orientation (pHPK-1) and the other containing the cDNA in the reverse orientation (pHPK-R), were obtained. About 106 COS cells were transfected with pHPK-1 DNA, pHPK-R DNA, or no plasmid DNA as described (16) . After incubation for 64 hr at 370C, cells were harvested and washed with phosphate-buffered saline. The cells were then suspended in 2 vol of PK electrophoresis buffer (10 mM Tris-HCI/5 mM MgSO4/0.5 mM fructose 1,6-diphosphate/50 mM 2-mercaptoethanol, pH 8.3) and sonicated for 4 min in a water-cooled sonicator (20) . After sonication, 1/5th vol of toluene was added to each sample, Vortex mixed for 1 min, and centrifuged at 13,000 x g for 10 min at 4°C. The water phase was centrifuged at 13,000 x g for 5 min at 4°C and the supernatant was used for further studies.
Detection of PK Activity. The PK activity of cell lysates was determined by the methods of Beutler (21) . Polyacrylamide gel electrophoresis was done as described (20) . About 0.01 unit of the samples was applied to each lane. For Abbreviation: PK, pyruvate kinase. tTo whom reprint requests should be addressed. 1The sequence reported in this paper is being deposited in the EMBL/GenBank data base (Bolt, Beranek, and Newman Laboratories, Cambridge, MA, and Eur. Mol. Biol. Lab., Heidelberg) (accession no. J03640).
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. comparison, lysates of human liver, rat liver, and human erythrocytes were also applied. The liver and erythrocyte samples were kept at -70'C until use. The samples were sonicated for 20 sec at 40C and treated with toluene as described above. The visualization of PK activity on the gel was done as described (20) .
RESULTS
Isolation and Nucleotide Sequence Analysis of Human L-Type PK cDNA Clones. Approximately 1.3 x 106 clones of human liver cDNA library were screened with the two different probes, one with the 32P-labeled hlPK-1 (15) and the other with pLPK-1 (11) . Twenty clones hybridized with hlPK-1 and 16 hybridized with pLPK-1. Fourteen plaques hybridized with both probes. Five positive plaques with relatively longer inserts were picked, and the EcoRI fragments were subcloned at the EcoRP site of pUC18 plasmids. Nucleotide sequence analysis of these S clones has revealed that 3 of them (hlPK-A, -B, -C) overlapped with hlPK-1, one (hJPK-E) overlapped with hlPK-A as shown in Fig. 2 , and one (h1PK-D) overlapped with human M2-type PK cDNA (15) . Fig. 3 shows the nucleotide sequence and the deduced amino acid sequence of human L-type PK cDNA, which was obtained from the nucleotide sequence of three overlapping clones of hlPK-1 (15) , -A, and -E. The sequence contains an open reading frame of 1629 nucleotides encoding 543 amino acids (including an initiator methionine) with a calculated molecular weight of 58,623, which reasonably agrees with that ofthe purified human L-type PK (22) . The assignment of the initiator methionine codon to nucleotide positions 1-3 is based on the comparison of the sequence with that of rat PK cDNA (11) . The 5' noncoding sequence and the 3' noncoding sequence of the cDNA are 68 and 734 bp long, respectively. Since neither a poly(A) tract nor a poly(A) signal was found in this sequence, the cDNA is incomplete at the 3' noncoding region. Human and rat L-type PK have 86.9o similarity on the coding nucleotide sequence level and 92.4% similarity on the deduced amino acid level. 
Met GI W Iy Pro Ala GIly Tyr Leu krg kg Al a Ser Val Al a GIn Leu Thr BI n WIu Lou GIly Thr Al a Phe Phe BI n GIn GI n GIn Leo H CCA OCT OCT ATG GCA GAC ACC TTC CTG BAA CAC CTC TGC CTA CTG GAC ATT BAC TCC GMG CCC GTG BCT GCT CGC MGT ACC MGC ATC ATT (180)
Al'a Al a Met Ala Asp Thr Phe Leu GIu Hi s Leu Cys Leu Leu Asp lie Asp Ser WIo Pro Val Al a Al a kg Ser Thr Ser lie lie H GCC ACC ATC GGG CCA GCA TCT CGC TCC GTG CMG CGC CTC AMG GMG ATB ATC AMG CC CCC AT AMC ATT GCG CGA CTC AMC TTC TCC CMC (270)
Al a Thr lie GIly Pro Al a Ser krg Ser Val GI u kg 9 Leu Lys GIlu Met Ilie Lys Al a GIly Met Asn lie Al a krg Leu Asn Phe Ser Hi s H CCC TCC CM CMG TMC CAT BCT GAB MCt ATA CCC AMC GTC CCC GMG CCC GTB CMG MC TTT CCA GGT TCC CCA CTC MGC TMC CGG CCC GTB (360) 
Al a lie Ala Leo Asp Thr Lys WIy Pro WIo lie krg Thr Wly Ilie Leu GI n WIy WIy Pro GIu Ser GI Val GI Leo Val Lys WIy Ser H CAB GTG CTB BTB MCT GTB GMC CCC CCC TTC COG MCG CCC BOG AMC GCCC AM C GTG TGG BTB GMC TM CCC MT ATT GTC CCC GTC GTG (540) 
Asn GIy WIy Val Leo Wy Ser krg Lys WIy Vai Asn Leo Pro GIy Al a WIn Val Asp Leo Pro GIy Leo Ser Wo WAI Asp Val krg Asp H CTG CCC TTC CCC BTG GAM CAT 0GB CTB GCM ATC BTC TTT CCC TCC TTT CTG CCC MAA CCC MGC GMC BTB BCT CCC BTC MCG GCT GCT CTB (810)
R ---------C_---MT ------A---- --T -----TTA --A ---C--A -C -R --B --A --C---M----A --T --------C------T ---------A---------T--A--A ----.-T
WIy Pro WI W Iy His WIy lie Lys lie lie Ser Lys lie Wo Asn Hi s Wo WIy Val Lys krg Phe Asp Wo lie Leo Wo Val Ser Asp
H GGC ATC ATG CTG GCA COG CCC GMC CTA CCC ATC BMG ATC CCA GCA CMG AM GTT TTC CTB OCT CM AMG ATB ATG ATT CCC CCC TGC MC (990) FIG. 3 . Nucleotide sequence and deduced amino acid sequence of the human L-type PK cDNA (H). For comparison, the coding sequence of cDNA for rat L-type PK (R) is 'also given (10) . Identical nucleotides are represented by hyphens.
showed about 68.3%, 70.0%, 69.8%, and 48.7% similarity with human L-type PK. Furthermore, 40 nucleotides were dethose of cat Ml-type (23) , rat M2-tYpe (5) , chicken Ml-type (9, leted from the 5' end of hlPK-F by BAL-31, since the artificial 10), and yeast (13) PK, respectively. ATG codon was generated by the addition of adenine tracts at Expression of L-Type PK Activity. To confirm that the the 5' end of hlPK-E. The hlPK-F cDNA was placed under cloned cDNA actually encodes human L-type PK, 'we have the control of simian virus 40 early promoter and used to tried to induce the expression of cDNA in mammalian cells.
transfect monkey COS cells. The cell lysates of COS cells
As described in Materials and Methods, three overlapping transfected with pHPK-1, pHPK-R, or without plasmid conclones (hIPK-E, -A, and -1) were joined at the unique sites to tained PK activities of 0.39, 0.43, and 0.42 units, respectively, construct hlPK-F, which covers the entire coding region of in 106 cells. Analysis of the lysates on polyacrylamide gel (Fig. 4) showed that COS cells had a PK band near the origin, which corresponds to human M2-type PK (20) . On the other hand, the lysate of COS cells transfected with pHPK-1 had an additional type of PK, which has the same electrophoretic mobility as that of human L-type PK (20) . Since the electrophoresis system we used can detect variant L-type PK (20) , the same mobility of hlPK-F-directed PK and human liver PK (Fig. 4) indicates that hlPK-F actually encodes the normal L-type PK.
DISCUSSION
We have isolated human L-type PK cDNA from human liver cDNA libraries, and the cDNA was expressed in mammalian cells. The cDNA (hlPK-F) consists of 2431 bp, which includes the 1629 bp of the coding sequence for 543 amino acids, 68 bp of 5'-untranslated sequence, and 734 bp of 3'-untranslated sequence. Comparisons of the amino acid sequence of human PK with that from other species showed that the amino acid sequence of PK is highly conserved in the evolutionary process. Between human and rat L-type PK, similarity was 92.4% at the amino acid sequence level. This similarity between human and rodent is comparable to that observed for aldolase A (96.4%), aldolase B (94%), and X chromosomelinked phosphoglycerate kinase (98%), which are also glycolytic enzymes (18, 24, 25) .
Deficiency of erythrocyte PK is the most common and well-characterized enzymatic deficiency involving the Embden-Meyerhof pathway of anaerobic glycolysis, causing hereditary hemolytic anemia in humans. More than 300 cases of erythrocyte PK deficiency have been reported since the first report by Valentine et al. (26, 27) . Kinetic abnormalities of PK were characterized in each case by many investigators and structural mutation of L (or R)-type PK was considered to be involved in the pathogenic process of this disorder (28) . In rats, the R-type subunit of PK is 31 residues longer than that of the L-type PK at the amino terminus, and both proteins are produced from the single chromosomal gene (6) . The substrate-binding site of the PK is located in the A and B domain, but not in the N domain, from the studies of the cat muscle PK (23). In other glycolytic enzymopathies (29) (30) (31) , enzyme deficiencies associated with clinical symptoms are reported to be caused by point mutation around the substrate-binding site. Therefore, it is interesting to compare the nucleotide sequence of L-type PK from a human patient with that of normal PK for understanding the structural aspects of PK deficiencies.
Recently, attempts have been made to express cloned genes in mammalian tissues for the purpose of correcting inherited metabolic diseases (32) (33) (34) . Since the clinical abnormalities are only limited to erythroid series in PK deficiency, the disease may be a good candidate for gene therapy if more efficient and safer techniques are developed. The availability of human full-length cDNA for PK will be useful for developing the methods of gene therapy for PK-deficient patients.
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